Abstract-Responses of the European spruce bark beetle, I. typographus (Coleoptera: Scolytidae), to low release-rate pheromones were investigated in two experiments in a spruce forest at Wellin, southern Belgium. Dose-response of the beetle was first examined in a trapping experiment in August 1999. The major pheromone components of I. typographus, (S)-cis-verbenol (cV) and 2-methyl-3-buten-2-ol (MB) were released from window traps. Five treatments were replicated five times: (1) blank trap, (2) 0.03 and 1.2, (3) 0.11 and 4.5, (4) 0.34 and 15.2 mg/day of cV and MB, respectively, and (5) Pheroprax. Trap catches increased linearly as a function of increasing release rates of cV and MB. A second study aimed at making preliminary observations on the attraction range of the pheromones as compared to Pheroprax. A release-recapture experiment was carried out in May 2000: four trap-trees located 50 m away from a central release platform were equipped with window traps baited with increasing release rates, tested in separate releases: 0.03 and 1.2; 0.11 and 4.5; 0.34 and 15.2 mg/day of cV and MB, respectively, and Pheroprax. Recaptures increased with the release rate. Trap catches were different at lower release rates, but not between the release rate of 15.2 mg/day of MB and Pheroprax. Variations in captures in relation to wind parameters showed persistently random flight at the lower release rates. Significant upwind flight was observed for Pheroprax only. These results imply that trap interference existed for Pheroprax and suggest that its attraction range may be greater than 50 m.
INTRODUCTION
Since the development of commercial attractants, pheromone trapping is regularly used to monitor populations of Ips typographus, one of the most aggressive and damaging pests of Norway spruce in Europe (Bakke, 1985; Weslien, 1992) . This technique is also frequently used in mark-recapture experiments to assess the beetle's dispersal capacities (e.g., Botterweg, 1982; Weslien and Lindelöw, 1990; Zumr, 1992; Duelli et al., 1997; Byers, 1999) .
Most dispersal studies have relied on commercial pheromones originally developed for mass trapping, such as Pheroprax, that have high release rates to ensure an efficient attraction of the beetles. However, one of the primary goals of recapturing marked animals is to obtain a good estimate of their flight ability. If traps close to the release point exhibit a strong attraction, most beetles primed to respond to pheromones will end up in these traps and it will not be possible to conclude much about dispersal (Turchin, 1998) . Even for species requiring flight exercise, as might be the case for I. typographus (Duelli et al., 1997) , some individuals might respond to the attractive source when they would have flown further under different conditions. Our approach to study I. typographus dispersal was to recreate a flight environment as natural as possible, using live, standing trap-trees in place of traps, and low release-rate pheromones lures instead of commercial attractants (Franklin et al., 2000) . In this paper, we present the design of the lures and an evaluation of their effectiveness in the field.
We first investigated the response of I. typographus to several release rates and compared it to Pheroprax. We then studied trap interference for these release rates, in order to make a preliminary evaluation of their attraction range as compared to that of Pheroprax. The range of attraction of pheromone lures is the maximum distance over which insects can be shown to direct their movement to the source (Wall and Perry, 1987) . Most studies have been done on Lepidoptera (Wall and Perry, 1987; Elkinton and Cardé, 1988) and some on bark beetles (Schlyter, 1992) or diprionids (Wedding et al., 1995) . Probably the most elaborate study on bark beetles was carried out by Turchin and Odendaal (1996) , who investigated the effective sampling area of traps capturing newly emerged southern pine beetles (Dendroctonus frontalis).
This knowledge is crucial for the development of reliable mark-recapture experiments, but existing information for I. typographus is scarce and estimates vary greatly due to the few data available.
METHODS AND MATERIALS
Dispensers and Release Rates. Releases of methyl-3-buten-2-ol (MB) and (S)-cis-verbenol (cV) were obtained with semipermeable polyethylene (PE) bags containing the semiochemicals. Each dispenser consisted of two bags, one for MB and one for cV. Ipsdienol was not used, as it did not prove essential for I. typographus capture (Schlyter et al., 1987 a,b) . The dispensers were built using PE sheets of different thickness sealed into 4 × 4 cm 2 bags, containing either 200 µl of MB impregnated on 1 × 1-cm 2 absorbent tissue paper protected from direct sun light by aluminum foil, or 5 mg of cV crystals. Chemicals, sources, PE thickness, and release rates are listed in Table 1 . Release rates were determined from weight loss in a wind tunnel, at 0.05 m/sec and 20 ± 2
• C and calculated as the slope (± its 95% confidence limits) of the regression of weight loss versus time for the time period when this relation was linear (i.e., when the release rates were constant) ( rate for MB was obtained by using two dispensers each releasing 7.6 mg/day. Ratios of about 40:1 in the release rates of MB and cV were used in order to approach the ideal ratio of 50:1 mentioned by Schlyter et al. (1987c) . Each replication consisted of a line of five live, standing trap-trees spaced 75 m apart, equipped with small transparent PVC barrier traps (13 cm wide × 24 cm high, ending in a funnel connected to a collecting jar) attached to the tree trunks at breast height. MB and cV dispensers were fixed on the traps 10 cm above the collecting funnel. The trees had previously been sprayed with a pyrethroid insecticide (Ripcord 40: 400 g cypermethrin/liter, S.A. Belgian Shell, 25 ml/10 liters water) up to a height of 6 m (Franklin et al., 2000) . Each replication was at least 100 m from all others. Traps were emptied, and treatments were rerandomized within each replication on seven occasions between July 24, and September 10, 1999.
Attraction Range. A simple way to establish the attraction range is to study trap interference, i.e., a lowering of catch per trap when traps baited with synthetic pheromones are placed close to each other compared to widely spaced traps (Schlyter, 1992) . Another method is to compare catches with high and low release rates in a given trapping grid. We chose this latter approach for a preliminary trial, which could give insight on the range of distances to be tested subsequently in an experimental design involving several trap spacings. A release-recapture experiment was performed at Wellin in May 2000. The setup consisted of four trap-trees located in the four cardinal directions, 50 m away from a central release platform. The distance between two adjacent trap-trees was 71 m. The trapping method was identical to the one described for the dose-response experiment.
Four release rates were tested, each replicated five times, except for the lower release rate, which was replicated four times only due to adverse weather conditions (0.03 and 1.2; 0.11 and 4.5; 0.34 and 15.2 mg/day of cV and MB, respectively, and Pheroprax). Each replicate was carried out as follows: freshly emerging beetles were collected from emergence tents (Lindelöw and Weslien, 1986) , counted, marked with fluorescent powder, and allowed to fly off from the release platform. After 45 min, releases were stopped and nonflyers were counted. Fifteen minutes later, traps were emptied and the number of beetles caught was recorded. Short release-recapture periods were chosen in order to maximize the number of beetles caught on their outward dispersing flight and to minimize captures of beetles returning after a long flight as can be expected from simulation models (Byers, 2000) . Such release-recapture experiments, in which insects are recovered quickly, were found to provide better attraction range estimates (Wall and Perry, 1987) . Short periods were also used in order to have weather conditions as constant as possible during a given replicate.
Several releases were performed during one afternoon (12:00-17:30 PM). A period of 30 min was allowed to elapse between each replicate, and the barrier traps were changed for each treatment in order to prevent the accumulation of pheromones on the traps and in the vicinity of the trap-trees. Different colors of fluorescent powder were used to differentiate between release rates. Release rates were randomized during the afternoon so as to test the different rates at different times of the day.
Wind direction was assessed with a compass and a thread allowed to flutter freely in the wind. Wind speed was measured with a hand-held anemometer (Testovent 4200, Testoterm S.A.). Both parameters were measured at the start and end of the 60-min flight period; we took five recordings during an interval of 5 min, and an average was then calculated.
Statistical analysis of circular data was carried out with Oriana v. 1.06 software (Kovach Computing Services, Pentraeth, UK). The Rayleigh test (Zar, 1996) was used to determine whether wind direction and catches of marked beetles in the four traps were random or directed. Watson's F-test (Zar, 1996) was then used to compare the beetle's flight direction to the wind direction, to determine if their mean angles differed significantly.
RESULTS

Dispensers and Release
Rates. Within the range studied, release rates of our PE bag dispensers decreased exponentially as a function of PE thickness (Table 1) : for MB, y = 12.9e −0.07x (R 2 = 0.97, P < 0.001) and for cV, y = 0.54e −0.10x (R 2 = 0.97, P < 0.001) with y corresponding to the release rate in milligrams per day and x to the PE thickness in grams per square centimeter. This decrease differed for the two components, as shown by the comparison of the slopes of the regressions on log transformed data (t obs 8d f = 2.86; P = 0.02).
During our tests, the release rate of Pheroprax averaged 35.8 mg/day for the blend after the 18-day test period (Table 1) . This is comparable to results of Jakus and Simko (2000) , who estimated the release rate of the same Pheroprax dispenser at about 27 mg/day after leaving dispensers in the field for seven weeks.
Dose-Dependent Responses. A total of 582 I. typographus were caught throughout the season-about 64% with Pheroprax. Trap catches increased with increasing release rates (Figure 1 ) from an average of 0.2 captures for blank traps to an average of 93 captures for traps baited with Pheroprax.
Analysis of variance on log-transformed counts showed differences between catches at different release rates (F 4,16d f = 63.6, P < 0.001); post hoc analyses indicated that Pheroprax caught more beetle's than the other release rates (P < 0.01, Figure 1 ). When regression analysis was used to compare I. typographus catches for our PE bag dispensers, excluding Pheroprax as it had different formulation and conditioning, it showed a linear response with increasing release rates (beetle catches as a function of MB release, slope = 1.69, R 2 = 0.39, P = 0.003).
FIG. 1. Mean number of Ips typographus caught at different release rates of MB and cV, expressed as MB release rates (±SE)
. N = 35 replications. Pheroprax has a release rate of 35.8 mg/day. Means followed by the same letter are not significantly different, Student Newman-Keuls multiple-range test, P = 0.01.
Attraction Range. Results of the release-recapture experiment are shown in Table 2 . Recapture of marked beetles increased with the release rate, from an average of 0.2% with the lowest release rate to 4.4% with Pheroprax. Increases in catches tended to stabilize at the two higher release rates. An analysis of variance on arcsine square-root-transformed data (F 3,15d f = 24.4, P < 0.001) followed by post hoc tests indicated differences between the release rates, except between 15.2 mg/day of MB and Pheroprax (Student-Neuman-Keuls multiple range test, P = 0.01).
Capture patterns of unmarked beetles increased in a similar fashion (Table 2) . Differences among average captures rates were significant (F 3,15d f = 11.6, P < 0.001) and post hoc tests showed that captures at the two lower release rates differed, while differences were not significant between release rates of 4.5 mg/day and 15.2 mg/day of MB, and between 15.2 mg/day of MB and Pheroprax (StudentNeuman-Keuls test, P = 0.01).
Variations in captures in relation to wind parameters are shown in Table 3 . Wind speeds and directions were averaged from measures at the start and end of the 60-min flight period. There was no correlation between wind speeds and the occurrence of wind directions (r = 0.4, P = 0.07). The beetles showed undirected flight during most replicates, whereas the wind direction was significant on 15 of 19 occasions. At the lower pheromone release rates, I. typographus flights were always random, even when the wind direction was significant. Upwind flights were observed for Pheroprax replicates only (Table 3) , but significant downwind flights were not observed.
DISCUSSION
The making of our own pheromone dispensers provided us with low-releaserate lures, for which we could control the release rates of each component individually. However, there were two shortcomings. First, release rates over several orders of magnitude proved impractical due to the limitation of the dispenser size and to the available PE thickness. Second, for higher release rates, the release of the semiochemicals was constant over short time periods only five and seven days for cV and MB, respectively). This might not prove too restrictive for releaserecapture studies for which daily trap collections are made, as dispensers can then be renewed regularly. Results of our dose-response experiment follow those of Schlyter (1987c) , who observed a linear increase in catches as a function of increasing release rates of cV and MB. If we consider I. typographus catches for the PE bag dispensers, we also obtain such a linear response with increasing release rates. This linear increase in beetle response-as opposed to the logarithmic relationship commonly found in pheromone studies-appears to be due to MB, which has an unusually steep dose-response curve in EAGs and field tests and which is the most critical pheromone component in determining the total number of beetles caught (Dickens, 1981; Schlyter, 1987b,c) .
Experiments and observations providing reasonable evidence of the range of attraction of insect species to pheromones are not common. The best and most accurate estimates of the attraction range are found to require either direct observation of insects in flight or carefully timed release-recapture experiments in which insects are recovered very quickly (Wall and Perry, 1987) . Such experiments for I. typographus were performed by Helland et al. (1984) . Data were analyzed in terms of attraction radius by Schlyter (1992) . In two separate trials, Helland et al. (1984) released I. typographus 12 and 20 m away from a central pheromone trap equipped with Ipslure, a commercial attractant similar to Pheroprax (50 mg/day of MB and 1 mg/day of cV) (Schlyter, 1987a,c) . They recaptured 60.1% of the beetles within the first 10 min for the 12-m release distance but only 19.1% of those released 20 m away. From these results, Schlyter (1992) estimated the attraction range of the pheromone trap to be between 12 and 20 m, probably closer to 12 m, because the majority of the responding population was caught from this distance.
Our preliminary observations suggest that this attraction range might have been underestimated. In our second experiment, trap catches were not significantly different between the release rate of 15.2 mg/day and Pheroprax (35.8 mg/day of the blend), a fact that was observed both for marked and unmarked beetles. Moreover, if traps are interacting and result in overlapping pheromone plumes, it would be expected that most beetles would be caught in the upwind traps as a consequence of "overshooting" (Wedding et al., 1995) . This was indeed observed for Pheroprax, as three of the five replicates showed significant captures upwind. At lower release rates, flight was mostly random (11 of 13 replicates), with no upwind flight for the two significant flight directions.
These results imply that traps interfered for Pheroprax at the distance studied, i.e., 50 m between the trap-trees and the release point. They also suggest that the attraction range of Pheroprax probably extended to 50 m, at least in direction of the wind. Further experiments are needed to confirm our results, but these are in line with data from Schlyter (1992) . Estimations of the attraction range of I. typographus from regression analyses of trap interactions showed ranges of 17-67 m for lures releasing 0.24-240 mg/day of MB. Variability was extremely high, however, and confidence intervals overlapped for all estimates due to the few data points available.
This variation in experimental results shows that, in order to achieve even a crude estimate of the range of attraction of pheromones, it will be necessary to carry out many observations or experiments. Even so, our preliminary data suggest that the attraction range of commercial pheromones might be higher than is generally thought. If proved correct, this challenges the validity of earlier releaserecapture studies in terms of their interpretation of I. typographus dispersal capacities. In most experiments, the first trap ring was close to the release platform: traps equipped either with Pheroprax or Ipslure were placed as close as 5 m (Duelli et al., 1997) , 30 m (Zolubas and Byers, 1995) and 50 m (Botterweg, 1982; Zumr 1992) . Under these conditions, migrating beetles necessarily had to cross pheromone plumes and might have been primed to respond to the pheromones, while they would have dispersed further in the absence of such pheromones. Absolute dispersal distances might, therefore, need to be reinterpreted, as well as dispersal models, which assumed an exponential or power decrease in recaptures as a function of distance (e.g., Weslien and Lindelöw, 1990; Zolubas and Byers, 1995; Duelli et al., 1997) . Ideally, a compromise should be found between the need to recapture enough marked beetles for statistical analysis and the study of the beetles' flight ability and variability in response to pheromones.
